This documentation describes the use of a BASIC computer program designed to calculate the apparent resistivity and phase angle as measured by VLF (very low frequency) terrain-resistivity instruments at the surface of a layered Earth. The program is useful for planning field investigations and interpreting field observat ions.
A VLF radio signal induces horizontal electric and magnetic fields in the Earth that are related to the electrical properties of the Earth (see fig. 1 ). The VLF.BAS program utilizes the relationships between these fields and the electrical properties of the Earth to calculate the apparent resistivity and the phase angle at the surface. The apparent resistivity at the surface is a function of the frequency of the signal used in the measurements and the relationship between the induced horizontal electric and magnetic fields.
The phase angle the angle between the primary horizontal magnetic field and the horizontal electric field is a function of the spatial ordering of the resistivity structure of the Earth. A resistive above a conductive layer produces a phase angle greater than ^5 degrees? a conductive over a resistive layer produces a phase angle of less than ^5 degrees, while a homogeneous Earth produces a phase angle of ^5 degrees (Geonics Ltd.? 1979) . The EM16R (see fig. 2 ) is one of several commercially available instruments that can be used to conduct a VLF resistivity survey. The equipment measures the ratio of the horizontal components of the electric and magnetic fields and is electronically calibrated using equations (1) and (3) so that the apparent resistivity and the phase angle can be read directly from the instrument. The VLF signal originates at stations throughout the world and operated by both the United States and other countries. The VLF stations operate at a narrow band of frequencies in the range of 3 to 30 kHz. 
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PROGRAM CALCULATIONS
In the application of electromagnetic wave theory to geophysical investigations, several simplifying assumptions are made: 1) VLF radio frequencies (3 to 30 kHz) are used and ground resistivity is assumed to be less than 10,000 ohm-m so that displacement currents can be assumed to be negligible (Duncan McNeill, Geonics Limited* written commun., 1985) .
2) Signals are from distant transmitters such that the study areas are in the transmitter's far field zone (several wavelenths of the transmitted wave from the transmitter) and the primary field components (Ez and Hy) are plane polarized (see fig. 1 ).
3)
Intermittent sources of electrical interference, such as atmosphere disturbances, are neglected; the investigator must also be aware of man-made sources of electrical interferences, such as fences, buried pipes or power lines, that may give rise to anomalous readings because they carry VLF currents (Keller and Frischknecht, 1966) .
4) The Earth's subsurface consists of laterally homogeneous, infinite layers (Telford and others, 1976) .
VLF.BAS Algorithm
The VLF.BAS program calculates the apparent resistivity that would be measured at the surface of the Earth using:
in which p = apparent resistivity a (ohm-m), f = signal frequency of the VLF transmitter (kHz), and !E /H ! = magnitude of the ratio x y of the horizontal electric (E ) to the x horizontal magnetic (H ) fields (ohms). Equation (1) can also be written in terms of the wave impedance* Z:
a in which p = apparent resistivity a (ohm-m). f = signal frequency of the VLF transmitter (kHz), and Z = E /H (a complex number x y having a real and an imaginary part) (ohms).
The phase angle is calculated using:
in which $ = phase angle (radians), Z = wave impedance = E /H x y (ohms), I(Z) = imaginary part of Z (ohms), and R(Z) = real part of Z (ohms).
The phase angle is converted to degrees in the program.
Both the apparent resistivity and the phase angle (Equations 1 and 3) are calculated from the wave impedance at the surface? Z. The impedance of a homogeneous conductor is the intrinsic impedance? defined by:
I J in which TJ = intrinsic impedance (ohms) , i = square root of -1, U = magnetic permeability 0 of free space (henrys/m), to = angular frequency of the signal = 2TTf (kHz) , and cr = conductivity (mS/m) .
For a homogeneous Earth> but not for a layered Earth* the intrinsic impedance and the wave impedance are identical. To calculate the wave impedance at the surface of a layered Earth* the additional concept of skin depth is needed.
Skin depth is the depth of penetration of a wave passing into a conductor in which the amplitude of the wave is attenuated to 1/e of its amplitude at the surface of the conductor. Skin depth is defined by:
in which S = skin depth (m) , V. = magnetic permeability 0 -7 of free space = 4fTxlO (henrys/m) , u> = angular frequency (kHz) , p = resistivity of the conductor (ohm-m) , and f = signal frequency (kHz) . e
The wave impedance of a layered Earth is calculated by starting with the deepest layer? which has an intrinsic impedance calculated from equation <4) and a skin depth calculated from equation <5)> and calculating upwards through the shallowest layer using the following algorithm (Duncan McNeill, Geonics Ltd., written commun. , 1985) :
n n-1 n-1 in which n, n-1 = indices referring to the nth and (n-l)th layers (see fig. 3 ) , t\ = intrinsic impedance (ohms) , n-1 6 = skin depth (m) , n-1 h = thickness (m) , n-1 Z = wave impedance (ohms) , and i = square root of -1.
Equation (9) gives the wave impedance used to calculate the apparent resistivity and the phase angle, using equations (1) and (3). Equations <6) through (9) are derived in detail in Wait (1982, p.155) .
USER PROCEDURES
An IBM or compatible personal computer with one floppy disk drive and a minimum of 64K bytes of memory is required to run this program. The program runs significantly faster on a system that has an 8087 math coprocessor installed.
to Other Computer Systems The VLF.BAS program was written for an IBM-PC but is adaptable to other computer systems. The program is currently running on the U.S. Geological Survey's DIS (Distributed Information System) computer system with little modification from the IBM personal computer version.
Data
The program interactively requests a site name? number of layers assumed to be present, transmitting frequencies (in kHz), the resistivities (in ohm-m) and the thicknesses (in m) of the subsurface layers. Through these parameters the user defines a model. Layer resistivity and thickness values can be based on direct-current electrical, seismic-refraction or boreholegeophysical surveys; geologic knowledge; test holes; wells; or other sources.
As the program runs, it will prompt the user for the input data. All of the responses should be in upper case letters and entered by striking the RETURN key.
There is opportunity, after the initial data input and after each computational run, to change all or some of the input parameters. Typically, parameter changes would be made when trying to match the model program with field data. Changes should be made after the relationships between the layer resistivities and spatial ordering of the conductive and resistive layers have been considered. For example, if, in a two-layer problem, an increase in apparent resistivity is needed with no change in the phase angle, then a similar increase in the resistivity of both layers should produce the desired result. On the other hand, if an increase in resistivity and a decrease in the phase angle is needed, only the resistivity of the lower layer should be increased. This conceptual planning will be more productive and efficient than random changes in the data.
Upon completing a problem, the user can change any of the input parameters, can begin a new problem or can terminate the program and return to BASICA by responding appropriately to the prompts.
Outp_ut
The program outputs to the printer as well as to the monitor. The output consists of a listing of the input values of layer thicknesses and resistivities and the calculated values of apparent resistivity and phase angle for each VLF frequency.
Example Problem
A typical study area where the VLF technique could be used is a landfill site from which it is suspected that conductive contaminants are being leached into the groundwater. The first problem is to decide whether or not the VLF technique would detect the conductor contaminant plume at this site. This can be accomplished by testing a preliminary subsurface model with the VLF.BAG program, based on existing hydrogeologic information. From borehole and geologic data, it is known that the subsurface in uncontaminated areas can be generalized as three layers: a resistive layer representing the unsaturated material (2000 ohm-m and 10 m thick) overlying a conductive layer representing the saturated material (400 ohm-m and 40 m thick) overlying resistive bedrock (800 ohm-m).
In the contaminated areas of the landfill, the subsurface can be generalized as three layers: a resistive, unsaturated layer ( I/ The thickness of the deepest layer is assumed to be infinite and is arbitrarily assigned the value 10,000 meters.
The VLF.BAS program can now be used to calculate the values for apparent resistivity and phase angle that would be measured by a VLF instrument in both the uncontaminated areas and then in the contaminated area of the landfill.
To use the VLF.BAS program on a personal computer? invoke BASICA from DOS (in drive A) and load and run the program (in drive B) from BASICA by typing in the following commands:
BASICA (RETURN) LOAD B:VLF.BAS (RETURN) RUN (RETURN)
After an introduction of the program, the user will be prompted to continue by striking the RETURN key.
The user will then be prompted to name the study site, using no more than 4-0 upper case letters.
Respond with:
SAMPLE_SITE (RETURN)
The next prompt will be for a choice of hardcopy or monitor data display.
If a hardcopy is desired, ready the printer and input:
If only a monitor display is required, strike the RETURN key.
The user will then be prompted to input the number of layers assumed for the earth model, the number of VLF stations used, the resistivities in ohm-m and thicknesses in m of each layer and the frequencies in kHz.
Respond at each prompt with the value and strike the RETURN key:
ENTER 4* OF LAYERS 3 (RETURN) ENTER 4* OF FREQUENCIES 2 (RETURN) ENTER THE RESISTIVITY OF LAYER 1 IN OHM-METERS 2000 (RETURN) ENTER THE THICKNESS OF LAYER 1 IN METERS 10 (RETURN) (etc.)
The program will then display the input data and ask for corrections.
If the data are correct, enter in upper case:
If the data are incorrect, enter:
and then respond to the subsequent prompts for corrections and confirmation. Once the data have been corrected and confirmed, the calculations will be made and the frequencies and corresponding apparent resistivities and phase angles will be displayed and printed.
A prompt for continuation will appear on the monitor. Entering E will terminate the program, N will allow all new data and C will allow changes to be made in the data.
The original data will be displayed and the user will have an opportunity to change the data. Calculations can now be made for the contaminated area of the landfull by changing the resistivity of layer two from 400 ohm-m to 50 m using the following sequence of commands: The apparent resistivities and phase angles for the two frequencies in the contaminated area will be displayed and printed, followed by the subsurface parameters used in the calculations.
The user then terminates the program and exits from BASICA:
The user will be returned to the IBM-PC operating system. The calculations made by the VLF.BAS program, summarized in table E, indicate that the differences in the apparent resistivities and phase angles that be would measured if a VLF survey was conducted over the uncontaminated and the contaminated areas would be large. This would make detection of the conductive contaminated groundwater plume possible. After the preliminary model has shown that the VLF technique can detect the plume, a VLF resistivity survey of the landfill site could be planned and conducted. Field measurements of the apparent resistivity and phase angle could be made on a series of transects perpendicular to the estimated axis of the plume of contamination. The orientation of the plume would be assumed to be in the direction of groundwater flow, as determined from the available subsurface data.
The VLF field values for one hypothetical transect are summarized in table 3. Values interpreted as contaminated groundwater.
The VLF.BAS program can now be used to generate a subsurface model whose calculated apparent resistivity and phase angle match the observed data at each field station. From the hypothetical field data in table 3, it is obvious that stations 1 through 5 and 11 through 17 represent one subsurface condition (the uncontaminated area), and stations 6 through 10 represent another condition (the contaminated area).
The original model (table 1) can now be adjusted until the calculated values closely match the average field values of apparent resistivity and phase angle. This iterative modeling procedure yields an Earth model (table 4) that has a saturated layer with resistivities that are higher than the initial estimated resistivities (table 1) .
The phase angles show the same relationships as originally modeled--a resistive over a conductive layer.
The final interpreted Earth models, summarized in table are ones that reproduce the observed values of apparent resistivity and phase angle.
These models are not unique solutions for the respective field data and therefore must be kept consistent with the available geologic data. In this example, the VLF.BAS program was first used to determine the feasibility of using the VLF technique for a particular field problem and then used to interpret the field results. This is a typical procedure and results in increased efficiency of field operations and data interpretation.
Case histories of the VLF technique applied to groundwater and other geologic problems have been published by Fraser (1969) , Patterson and Ronka (1971) , Telford and others (1977) , Duran and Haeni (1982) , Greenhouse and Slaine (1982) , Greenhouse and Harris (1983) , and Grady and Haeni (1984) . A study using the VLF.BAS program to determine the feasibility of using the VLF technique and to subsequently interpret field data has been conducted by Haeni (1986) .
GLOSSARY
Rate of repetition measured in radians/second; where f = frequency in Hertz, angular frequency is 2 f. E § §.i §tiy.iJiY.
Resistivity measured using the VLF technique that differs from true resistivity if there are inhomogenei t ies of the Earth; units are ohm m.
Byte: Computer unit of binary digits usually in eight bits representing two numerals or one character.
y : Ability of material to conduct electrical current: in an isotropic material, the reciprocal of resistivity; units are siemen/m. operating system iP_OSJi_: Machine instructions and procedures for operating a computer disk drive.
Displacement currents: Currents resulting from capacitative properties of a conductor. Displacements currents in the Earth are usually negligible compared to conduction currents.
e: Base of natural logarithm; e = 2.7183.
ji: in complex number plane, i = square root of -I.
I_mp_edance: Opposition to the flow of alternating current, analogous to resistance in a direct current circuit. In inductive electromagnetic methods, the impedance is the ratio of a horizontal component of an electric field to the orthogonal horizontal component of the associated magnetic field; impedance is a complex number due to the phase differences between the electric and magnetic fields; units are ohms.
ifDp_ed ance :
Impedance of a homogeneous conductor; units are ohms.
i iity : The ratio of the magnetic induction, B, to the inducing field strength or magnetizing force, H; permeability is dimensionless .
Ang^e:
The angle between the primary horizontal magnetic field and the horizontal electric field.
Resj.stiyi.ty: Property of a material which resists the flow of electrical current; units are ohm-m. 
